Introduction
Priapism is defined as a persistent penile erection that continues beyond, or is unrelated to, sexual stimulation [1] . Sickle-cell disease (SCD) is a strong risk factor for priapism and occurs in up to 42 % of men with the disorder [2] . Patients with SCD typically experience ischemic priapism characterized by poor or absent cavernosal blood flow. Priapism is a compartment syndrome of the penis, and hence, a urological emergency that, if prolonged, can result in erectile dysfunction [3] . Pryor reported that 90 % of men with ischemic priapism over 24 h in duration experience erectile dysfunction [3] .
Low serum testosterone has also been described in males with SCD [4, 5] ; however, the exact etiology is unknown. The mechanism of action may be via a primary testicular pathology, secondary to testicular infarcts [5] . Alternatively, several studies have also reported possible pituitary infarction as a secondary cause [6] . Despite the cause, the effects of low testosterone on young and adolescent males include delayed growth and development [7] , and in men, manifests with reduced libido and erectile dysfunction [8] .
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normal erections is known [9] . Androgens are critical for maintaining normal expression of phosphodiesterase (PDE) type 5 in the penis. Androgen deprivation reduces PDE5 expression in animal models, while testosterone supplementation restores PDE5 gene and protein expression [10] . However, the association of serum testosterone levels and priapism is unknown. There are some who believe that high circulating levels of serum testosterone may trigger priapism episodes [11, 12] . Drugs such as estrogens [13] , anti-androgens [14] and ketoconazole [15] , which serve to reduce serum testosterone toward castrate levels, have been used in the past to treat or prevent priapism episodes. However, high circulating levels of testosterone in patients with priapism and SCD have never been demonstrated.
The male with SCD and priapism serves as a relevant model to study the molecular etiological mechanisms involving priapism. However, we question the presumed understanding that androgens are effectors of priapism in this population and conjecture oppositely, that low testosterone levels are commonly associated with priapism. We sought to evaluate the possible association of testosterone deficiency and priapism in adult men with SCD.
Methods

Patients
This was a cross-sectional study and patients were recruited from July to October 2010. A convenience sample of fifty (50) male patients with SCD (hemoglobin SS) attending the Sickle Cell Unit, University of the West Indies, Jamaica, for health maintenance visits were recruited. The Sickle Cell Unit of the University of the West Indies, located in Kingston, Jamaica, is the only specialized center providing comprehensive care for persons with SCD in the English-speaking Caribbean. The center is a non-referral unit and any patient with any of the genotypic variants of SCD who wishes to attend is registered and provided with clinical care. All patients were in a clinically steady state. Exclusion criteria included acute illnesses, endocrine disorders (e.g., hypothyroidism, hyperthyroidism, diabetes and metabolic syndrome) and use of testosterone therapy.
Measurement
All patients had blood drawn, between 8:00 and 11:00 a.m., for determination of total and free testosterone, folliclestimulating hormone (FSH), luteinizing hormone (LH), prolactin, complete blood count (CBC), lactate dehydrogenase (LDH) and lipid profile (serum triglycerides, highdensity lipoprotein {HDL} and low-density lipoprotein {LDL} cholesterol). Serum was separated immediately and stored at −20 °C until assayed. Serum lipid profile and CBC were obtained due to the commonly associated finding of increased LDL, reduced HDL and anemia with low testosterone levels. Quantitative estimation of LDH was performed as it is a commonly used biomarker of SCD activity [16] .
Total testosterone was measured with the IMMULITE 2000 analyzer chemiluminescent enzyme immunoassay. Reference laboratory normal total testosterone ranged from 12.5 to 38.1 nMol/L (360-1,098 ng/dL). Testosterone deficiency was defined as serum total testosterone <12 nMol/L (346 ng/dL). Though there is no generally accepted cutoff value of plasma total testosterone for defining androgen deficiency, a previously reported normal total testosterone between 12 and 35 nmol/L was used to define our cutoff level [17] . Wu et al. [18] defined testosterone deficiency as a total testosterone <11 nmol/L. Free testosterone was measured with the Coat-A-Count 125 I radioimmunoassay. Bioavailable testosterone levels were not measured.
Questionnaire
Patients completed an interviewer-administered, non-validated questionnaire regarding history of priapism, age at first episode, frequency and duration of episodes and treatment (medical and/or surgical). Priapism was defined as a persistent penile erection that continues beyond, or is unrelated to, sexual stimulation. The definition included patients with major ischemic episodes and stuttering episodes.
Ethical approval
Ethical approval was granted by the Institutional Review Board at the University of the West Indies, Kingston, Jamaica.
Main outcome measures
Outcome measures included frequency of priapism and the association of testosterone deficiency and priapism.
Statistical analysis
Data were analyzed using statistical analysis software, version 9.2 (SAS Institute, Cary, NC). Means were compared between groups by using the t test and nonparametric alternate if the distribution could not be normalized or the variance was not equal. Categorical data were compared using the Chi-square test where appropriate. All statistical tests were two sided, and p < 0.05 was considered statistically significant.
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Results
The mean age of the study population was 34.2 ± 8.9 years. Twenty-four (48 %) patients reported a history of priapism (Table 1) , with the majority experiencing first onset between ages 18-25 years and most episodes during sleep. Priapism episodes most commonly lasted for 1 h after awakening from sleep (Table 1) . There was no difference in age or serum hemoglobin, LH, FSH, total or free testosterone levels based on a reported history of priapism ( Table 2) .
The mean total testosterone for all patients was 16.0 ± 5.4 nMol/L. Testosterone deficiency was observed in 11 of the 50 (22 %) patients, specifically, 6 of 24 (25 %) patients with priapism versus 5 of 26 patients without priapism (p = 0.623) ( Table 3 ). There was no difference in mean LDH levels in men with normal testosterone levels (1,335.2 ± 513.2) versus those with testosterone deficiency (1,246.2 ± 250.2) (p = 0.89) (not shown).
Of the patients who reported a history of priapism, there was no difference in total or free testosterone levels relative to frequency, number and duration of priapism episodes. Free testosterone level was appreciably, but not significantly, lower in patients having >30 min of priapism episodes after awakening from sleep (297 pMol/L) than in patients having <30 min of priapism episodes after awakening from sleep (409 pMol/L) (p = 0.09).
Discussion
To our knowledge, this is the only study exploring the possible association between testosterone deficiency and priapism in the SCD population. Although some believe that androgens positively influence priapism [11, 12] , high circulating levels of testosterone in patients with priapism and SCD have never been demonstrated. Rather, both priapism and testosterone deficiency are commonly observed in the SCD population. Our study results, demonstrating that 48 % of the sampled men report a history of this priapism, are consistent with previous data that this disorder is common in men with SCD in Jamaica, keeping with prior data showing a 42 % prevalence in this population [2] . Similarly, we confirmed that testosterone deficiency is common in SCD with 22 % of the sampled men having the deficiency [4, 5] . Among SCD patients with histories of priapism, as much as 25 % had testosterone deficiency. Despite these elevated rates, no significant difference was found regarding testosterone deficiency between groups with and without priapism in this study. Additionally, no significant difference was realized regarding testosterone levels and either LDH levels or aspects of priapism history (episode frequency, number and duration). Although we were unable to realize an association between these phenomena, an understanding of the role of androgens in erection regulatory mechanisms continues to emerge. Androgens affect various aspects of penile growth, development and function [9, 10] , which seem to be mediated through dihydrotestosterone (DHT). The importance of androgens is indicated by the fact that surgical or medical castration results in impaired erectile function, which may be reversed by testosterone therapy [19] . Androgens regulate specific biomolecular events involved in erections as well as normal corporal vascular homeostasis. The nitric oxide (NO) synthase/cyclic guanosine monophosphate (NOS/cGMP) system is critical for normal erectile function. NO mediates corporal smooth muscle relaxation [20] . Androgens regulate the expression of various isoforms of NOS in the corpora cavernosa [9, 10] . Testosterone deficiency results in a reduction of NOS activity [9] . Phosphodiesterase type 5 (PDE5) terminates NO-induced cGMP-mediated smooth muscle relaxation [21] . Castration reduces the expression and activity of PDE5 in animal models and androgen therapy reverses these functions [22] . Androgens also maintain penile corporal trabecular smooth muscle structure as well as the corporal extracellular matrix (ECM). The effects on the ECM alter the fibroelastic properties of the corpora and, subsequently, penile tissue compliance and vascular flow [9] . Structure and function of pelvic ganglion nerves are maintained through the actions of androgens [23] . In testosterone-deficient states, penile corporal structure, molecular signaling and pelvic nerve functions are altered which can subsequently lead to erectile dysfunction.
The molecular mechanisms underlying priapism related to low testosterone in men with SCD has not been described. However, we theorize that they involve molecular dysfunction of the NOS/cGMP system. This science has been previously described in the sickle-cell animal model [24] . SCD is a hemoglobinopathy that results in generalized vascular dysfunction and induces abnormal NOS activity/NO bioavailability in the penis [24] . Dysregulated NO function affects the regulatory basis for cavernosal smooth muscle tone which interferes with corporal detumescence. Transgenic sickle-cell mice have reductions in penile NOS/cGMP signaling leading to deficient PDE5 and uncontrolled erectile responses [24] . The RhoA/Rho-kinase vasoconstrictive pathway that opposes NO signal transduction pathway is also downregulated when NO signaling is reduced [25] . When the cavernosal smooth muscle relaxant system is uncontrolled, the response to normal erectile stimuli (sexual related or nocturnal) is a prolonged penile erection. Hypoxia, acidosis and glucopenia, seen in SCD and other hematological dyscrasias, also alter cavernosal smooth muscle tone [26] . We hypothesize that since testosterone is required for the regulation of the NOS/cGMP pathway, which becomes further dysregulated in low testosterone states, these previously described effects are further deranged in men with SCD and low testosterone levels. Hence, low testosterone levels may actually increase the risk for priapism in men with SCD; however, we recognize that alternative molecular mechanisms may contribute to the presentation of priapism [26] [27] [28] .
Limitations
We acknowledge several possible limitations of this investigation. Although our study did not suggest a risk association of priapism and low testosterone levels, we realize that a larger prospective trial would offer a more robust basis from which to adequately evaluate this hypothesis. Our study was limited by a small sample size of 50 patients. In order to prove the difference between the two groups at significance level 0.05 with 80 % power, we determined that 745 patients would be needed in each group. Furthermore, we recognize that testosterone deficiency did not uniquely correlate with characteristics of priapism history such as episode frequency, number and duration in our study cohort; however, there was a trend toward the association of priapism history and free testosterone levels. Additionally, only a single early morning level of testosterone was measured. Due to the daily fluctuations in testosterone levels, two or more averaged reading would have been preferred. Although we excluded several conditions affecting testosterone levels, we acknowledge that other unassessed variables such as liver disease or exercise may affect testosterone levels. A possible concern with this study is our use of a total testosterone cutoff value of 12 nmol/L to indicate testosterone deficiency. It is important to note that testosterone reference values are based on statistical analyses of a wide population of subjects including older men. Consequently, utilizing this cutoff in a sample of mostly younger men may be a limitation because of a possible underestimation of the extent of testosterone deficiency. Finally, we did not measure bioavailable testosterone which may have provided a more accurate representation of deficiency.
Conclusions
Testosterone deficiency and priapism are both common phenomena that occur among the SCD population. Unfortunately, we were unable to satisfactorily demonstrate an association between the two. Though treatment is recommended for symptomatic men with low testosterone levels, testosterone replacement therapy (TRT) is avoided in men with SCD due to the fear of inducing priapism. In allaying these fears, we recently demonstrated that TRT does not induce episodes of priapism in men with SCD [29] . We believe that if rigorous trials prove TRT to be effective in preventing or reducing stuttering priapism episodes in the SCD population, this intervention could offer a safer therapeutic option with dual actions. Further studies are warranted to evaluate the natural history and clinical correlates of priapism occurrences in SCD patients with and without testosterone deficiency that may more precisely reveal risk associations. Additional investigation to identify the molecular mechanisms by which testosterone deficiency occurs and contributes toward priapism in SCD is also worthy of support.
